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We demonstrate all-optical implementation of spin-orbit coupling (SOC) in a two-electron Fermi
gas of 173Yb atoms by coupling two hyperfine ground states with a narrow optical transition. Due
to the SU(N) symmetry of the 1S0 ground-state manifold which is insensitive to external magnetic
fields, an optical AC Stark effect is applied to split the ground spin states, which exhibits a high
stability compared with experiments on alkali and lanthanide atoms, and separate out an effective
spin-1/2 subspace from other hyperfine levels for the realization of SOC. The dephasing spin dy-
namics when a momentum-dependent spin-orbit gap being suddenly opened and the asymmetric
momentum distribution of the spin-orbit coupled Fermi gas are observed as a hallmark of SOC.
The realization of all-optical SOC for ytterbium fermions should offer a new route to a long-lived
spin-orbit coupled Fermi gas and greatly expand our capability in studying novel spin-orbit physics
with alkaline-earth-like atoms.
Ultracold atoms are fascinating for the study of syn-
thetic quantum system which is direct analogy to real
electronic material [1]. One of the notable examples is
the implementation of synthetic gauge field and spin-
orbit coupling (SOC) engineered with the atom-light in-
teraction at will [2, 3]. In particular, SOC links a par-
ticle’s spin with its momentum, which is not only es-
sential in novel quantum phenomena, such as spintronic
effect [4] and exotic topological states of quantum mat-
ter [5, 6], but also provides an unprecedented quantum
system such as spin-half spin-orbit coupled bosons with-
out analogy in condensed-matter [7]. Various types of
SOCs can be generated in ultracold atoms where the
relevant parameters are tunable by changing the laser
fields [8–10] or the magnetic field [11]. So far, the SOCs
along the one direction have been created in bosonic al-
kali [7, 12–19], fermionic alkali atoms [20–23], and very
recently in fermionic lanthanide atoms [24]. Besides the
1D SOC, the two-dimensional synthetic SOCs have been
also demonstrated both in the bosonic [25] and fermionic
alkali atoms [26].
In alkali atoms, two different internal states are cou-
pled through the Raman transition transferring momen-
tum to the atoms [2, 3]. However those processes in-
evitably suffer from heating effect caused by sponta-
neous emission due to the small fine-structure split-
ting of the excited level, which could limit the abil-
ity to observe interacting many-body phenomena that
needs long timescales. Recently to avoid such heating,
the specific atomic species with the large ground-state
angular momentum such as 161Dy have been consid-
ered [27, 28] or the external orbital states, representing
pseudo-spins, in optical superlattices have been used to
generate SOC [29, 30].
Here, we expand our capability in exploring a novel
SOC physics by implementing SOC with a narrow op-
tical transition in a non-alkali Fermi gas of ytterbium
atoms. With a momentum-dependent spin-orbit gap be-
ing suddenly opened by switching on the Raman tran-
sition, the dephasing of spin dynamics is observed, as a
consequence of the momentum-dependent Rabi oscilla-
tion. Moreover, the momentum asymmetry of the spin-
orbit coupled Fermi gas is examined after projection onto
the bare spin state and the corresponding momentum dis-
tribution is measured for different values of two-photon
detuning. In contrast to spin-orbit-coupled alkali or lan-
thanide fermionic atoms, here the two-photon detuning
is fully controlled by the light-induced AC Stark shift
for 173Yb atoms. The present technique exhibits sev-
eral potential advantages in the study of SOC compared
with alkali and lanthanide experiments, including the
precise control of spin splitting without necessitating ex-
treme magnetic field stability to reduce heating, and the
creation of spin textures in momentum and spatial di-
mension by locally modulating the two-photon detuning.
These advances demonstrated in this work, combined
by all-optical engineering of SOC, can expand variety of
spin-orbit coupled Fermi gases.
Indeed recent development of alkaline-earth-like atoms
has led to an increasing potential in utilizing such atoms
not only for the study of many-body physics [31–34]
but also for the realization of synthetic gauge field in
a Fermi gas [35, 36]. A narrow optical transition of such
atoms and their large fine-structure splitting, for exam-
ple, should allow to alleviate light-induced heating when
SOC is generated. Moreover, the spin splitting by the
AC Stark shift in our present study has a stability over
one order of magnitude better than the typical magnetic
field stability in alkali or lanthanide experiments. This
further avoids the heating induced by fluctuations of the
spin splitting. Finally, the alkaline-earth-like atom with
large nuclear spins offers a new possibility to realize spin-
orbit coupled high-spin fermions [3, 37–39], intriguing
magnetic crystals [40] and atomic simulator of U(N) and
SU(N) lattice gauge theories [41].
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FIG. 1. (color online) Schematic diagram of the Raman
transition configuration. (a) A single-component fermi gas of
173Yb atoms is prepared with bias magnetic field along the
(−xˆ + yˆ) direction and exposed to a pair of two 556 nm Ra-
man beams (linearly and circularly polarized respectively) at
45◦ relative to yˆ axis. The direction of the gravity is along
(xˆ − yˆ) direction. (b) A pair of Raman beams couples two
ground-states hyperfine level with the single-photon detuning
∆ = 1 GHz from the excited state F ′= 7
2
. (c) A six-component
Fermi gas of 173Yb atoms with N = 5.0 × 104 is obtained at
T/TF ≤ 0.27. A time-of-flight image is obtained after 11 ms
free expansion using the 399 nm 1S0 − 1P1 transition. Each
spin state |mF 〉 is spatially separated by the OSG light fol-
lowed by 399 nm absorption imaging. (d) With optical pump-
ing during the evaporative cooling, a single-component Fermi
gas in |mF = 52 〉 is cooled down to T/TF ' 0.5. (e) Using
the 1S0 − 3P1 intercombination line, mF -states are resolved.
The spectrum of 173Yb atoms is obtained by a σ+-polarized
light in the 5 G bias field along the imaging axis. The black
solid curve indicates the expected relative line strength of the
transition.
All-optical implementation of SOC in an ytterbium gas
We generate spin-orbit coupling in a Fermi gas of 173Yb
atoms by the use of the intercombination λ0=556 nm
transition connecting two hyperfine levels with the Ra-
man transition [20, 21]. A pair of Raman coupling beams
red with the diameter of 70 µm and the power of 100 µW,
intersecting at θ =90◦, are red-detuned by ∼1 GHz from
the 1S0(F =
5
2 )↔ 3P1(F ′ = 72 ) narrow linewidth transi-
tion. The F = 52 ground-state manifold has six hyperfine
levels with magnetic sublevels |mF | ≤ 52 that are typically
degenerate due to their small magnetic moment which
entirely stems from the nuclear spin.
Raman process couples two hyperfine levels |F =
5
2 ,mF =
3
2 〉 and |F = 52 ,mF = 52 〉 in the 1S0 ground
state, labeled as spin-up |↑〉 and spin-down |↓〉 respec-
tively, by imparting momentum 2~kr to atoms where the
recoil momentum is kr = k0 sin(θ/2) for k0 = 2pi/λ0.
Each of Raman beams induces the spin-dependent AC
Stark shift splitting the magnetic sublevels. We achieve
the Hamiltonian that describes effective 1D SOC, with
equal strengths of Rashba and Dresselhaus SOC, along
the xˆ-direction as the previous work [7, 20, 21, 24]:
HSOC =
1
2m (px+krσz)
2 + ΩR2 σx+
δ
2σz where σi are Pauli
matrices, px is the quasi-momentum of atoms along xˆ-
direction, m is the mass of ytterbium atom, ΩR is the
Rabi frequency of Raman coupling and δ is the two-
photon detuning. In contrast to alkali or lanthanide
atoms, we tune the two-photon detuning δ using spin-
dependent light shift induced by Raman beams. We
independently calibrate spin-dependent level shift from
different lights by monitoring the two-photon Rabi oscil-
lation induced by a pair of co-propagating Raman beams
(see appendix).
Preparation of the ytterbium gas We first prepare an
ultracold Fermi gas of 173Yb atoms by loading atoms,
precooled by the intercombination magneto-optical trap
(MOT), into the a 1064 nm crossed optical dipole trap
(ODT) for forced evaporation [42]. After the final stage
of the optical evaporative cooling, we achieve a six-
component degenerate Fermi gas of ∼5.0×104 atoms
at T/TF ≤ 0.27 where TF is the Fermi temperature
of the trapped atom with the trapping frequency of
ω = (ωxωyωz)
1
3 =2pi×130 Hz.
A single-component degenerate Fermi gas is then ob-
tained utilizing the similar optical evaporative cooling
process with different initial spin configuration. We op-
tically pump more than 70% atoms into the |mF = 52 〉
state at the beginning of the evaporative cooling using the
nearly resonant 556 nm light with σ+ polarization. Note
that we keep a small fraction of |mF = 32 〉 state atoms
until the end of the evaporation in order to enhance the
evaporative cooling. Finally, we prepare a Fermi gas of
N = 1.2× 104 atoms in |mF = 52 〉 state at T/TF ' 0.5
Spin-resolved detection For ytterbium isotopes, mF -
resolved absorption imaging with the broad 399 nm
1S0−1P1 transition is not possible at low bias magnetic
field as the Zeeman splitting of the excited |mF ′〉 state
is not large enough compared to the natural linewidth of
the transition. Here we instead use the narrow 1S0−3P1
intercombination line for spin-resolved blast at the bias
field of 5 G where the ground-state manifold is degen-
erate with SU(6) symmetry [43]. As described in Fig. 1
(e), each |mF 〉 state is spectroscopically resolved at dif-
ferent imaging frequency of 556 nm light following the
line strength of the corresponding transition. During the
time-of-flight expansion, the unwanted spin states are se-
lectively removed with the blast light [44], followed by
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FIG. 2. (color online) Spin dynamics with spin-orbit cou-
pling. The two-photon Rabi oscailltion is monitored with
the two-photon detuning of δ=−4.0(3)Er and the Rabi fre-
quency ΩR = 4.8(3)Er. (a) The single-particle energy dis-
persion of dressed-states. (b) The spin imbalance, defined
as (N|↓〉 − N|↑〉)/(N|↓〉 + N|↑〉) for the atom number N|↑〉
and N|↓〉, is measured via 399 nm imaging together with the
OSG light. The predicted spin dynamics for non-interacting
fermions (blue solid curve) is consistent with the measure-
ment (blue circle). The data points represent the average of
ten measurements.
the 399 nm absorption imaging.
We also use the complimentary method to resolve dif-
ferent nuclear spin states by optical Stern-Gerlach (OSG)
effect [43, 45]. A non-resonant circularly polarized laser
beam with the beam waist of 140 µm is briefly switched
on after the time-of-flight expansion starts. The spin-
dependent force vertically splits the atomic cloud into six
parts corresponding each |mF 〉 state as shown in Fig. 1
(c) and (d) inset.
Spin dynamics with spin-orbit coupling When two
spin states |↑〉 and |↓〉 are coupled through the two-
photon Raman transition with momentum transfer of
2~kreˆx, the energy gap between the dressed-states |↑′
,px = kx − ~kreˆx〉 and |↓′ ,px = kx + ~kreˆx〉 is
quasi-momentum dependent where px denotes the quasi-
momentum as shown in Fig. 2 (a). When a non-
uniform spin-orbit gap being opened, fermions with dif-
ferent quasi-momenta undergo spin precession in differ-
ent ways and the total spin oscillation will be damped
out [20, 21, 24]. In this measurement, a brief pulse of
Raman-coupling beams is switched on and subsequently
turned off while the atoms remain in the crossed ODT.
The bias magnetic field is then properly rotated to the
imaging axis along the (zˆ + yˆ) direction within 200 ms
during which the nuclear spin follows the bias field adi-
abatically. We experimentally confirm that the spin dis-
tribution is not changed during that process owing to
SU(N) symmetry. Each spin state is then spatially sep-
arated by applying the OSG light followed by 4 ms time-
of-flight free expansion before the 399 nm absorption
imaging. redThe oscillation of spin distribution is de-
phased as a function of pulse time which is the hallmark
of the spin-orbit coupling as described in Fig. 2. The
two-photon Rabi frequency ΩR coupling |↑〉 and |↓〉 is
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FIG. 3. (color online) Momentum distribution of a spin-
orbit coupled Fermi gas of 173Yb atoms. The Raman coupling
with Ω = 1.6(3)ER and δ = 0.1(3) is abruptly switched off
for a gas of N=9× 103 atoms followed by 399 nm absorption
imaging as shown in the inset. (a) Atomic clouds after time-
of-flight expansion for spin σ = {↑, ↓} shift in the opposite
direction due to SOC. (b) The integrated momentum reveals
asymmetric feature for |↑〉 (blue circle) and |↓〉 (red diamond)
while the momentum distribution is symmetric without SOC
(grey curve).
then measured by fitting the oscillation of the spin pop-
ulation with the momentum-dependent Rabi oscillation
for non-interacting fermions [20, 24] as shown in Fig. 2
(b).
Adiabatic loading into the dressed-state In order to
adiabatically load atoms into the equilibrium state of the
lowest-energy dressed state [46], we start with a spin-
polarized |mF = 52 , ↓〉 Fermi gas with T/TF '0.5 con-
fined in a crossed dipole trap and increase the Raman-
coupling beam power with a 7 ms exponential ramp to the
final values keeping the two-photon detuning δ ' 10Er
where the recoil energy is Er = ~2k2r/2m=1.87 kHz. Due
to the large detuning, the atoms in the bare |↓〉 state
are adiabatically loaded into the dressed spin state |↓′〉,
by which we determine the momentum of kx= 0 in the
time-of-flight expansion. Subsequently, the two-photon
detuning δ is exponentially ramped to the final value of
detuning within 23 ms.
After adiabatic loading into the dressed state with
ΩR =1.6(3)Er and δ =0.1(3)Er, we abruptly switch off
the Raman beams and the crossed ODT simultaneously -
thus projecting the dressed states onto the bare spin |↑, ↓〉
and the real momentum kx - followed by the 399 nm ab-
sorption imaging after 7 ms time-of-flight expansion with
spin-selective blast 556 nm light. When the dressed en-
ergy band is symmetric for |↑〉 and |↓〉 at δ =0.1(3)Er,
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FIG. 4. (color online) Integrated momentum asymme-
try along xˆ-direction for different values of two-photon de-
tuning. The momentum asymmetry of the spin-orbit cou-
pled Fermi gas is characterized by [nσ(k) − nσ(−k)]/noσ
where noσ = max[nσ(k)] denotes the maximum peak den-
sity of the momentum distribution in k-space for σ = {↑
, ↓}. The two-photon detuning takes the different values of
δ = {−2.9,−1.9, 0.1, 1.1, 3.6} × Er from top to bottom. (b)
The theoretical momentum asymmetry is shown for different
values of detuning. As δ > 0 becomes large where most of
atoms are loaded into the |↓′〉 state, the momentum asym-
metry of |↓〉 disappears after projection onto the bare state
while |↑〉 atoms show prominent momentum asymmetry due
to spin-orbit coupling.
the SOC, breaking spatial reflection symmetry, intro-
duces asymmetric momentum distribution for bare spin
states [20, 24], as highlighted in Fig. 3 where the inte-
grated momentum distribution (blue and red curves) and
nσ(k)− nσ(−k) are plotted for spin σ = {↑, ↓}. We note
that such momentum asymmetry disappears if the SOC
is switched off as shown by a grey curve. The 1/e lifetime
for typical Raman coupling setting with a one-photon de-
tuning ∆ ∼ 1.0 GHz is about 70 ms that is much longer
than the alkali system. We note that if a larger one-
photon detuning is applied for the 173Yb atoms an even
longer lifetime is expected than Dy [47] or 2D spin-orbit-
coupled Rb atoms [25]. In the present work, the single-
photon detuning is limited by the available laser power
of the narrow optical transition at 556 nm light. Fi-
nally for the range of detuning δ & −1.0Er, where the
|mF = 52 , 32 〉 state is detuned by at least ∼2Er from the|mF = 12 〉 state, the system is effectively described by
spin- 12 SOC hamiltonian keeping the fractional popula-
tion in the unwanted state |mF = 12 〉 smaller than 0.1.
In Fig. 4, we cross-validate this behaviour by compar-
ing the momentum asymmetry to the predicted distri-
bution calculated by considering the eigenstate of the
single-particle Hamiltonian HSOC over the momentum
distribution of the Fermi gas [48].
Discussion and Conclusion We have demonstrated
all-optical SOC in a degenerate Fermi gas of 173Yb atoms
by using the Raman transition. The momentum distri-
bution of the spin-orbit coupled Fermi gas exhibits strong
asymmetry as a hallmark of SOC. The spin splitting is
induced by optical AC Stark shift, which can be precisely
controllable by tuning light intensity. This avoids apply-
ing magnetic field as in the experiments with alkali or
lanthanide atoms, which suffers from magnetic field fluc-
tuations. The stability of the two-photon detuning in
this work is equivalent to the field stability of a few tens
of µG in the alkali system which is one order of mag-
nitude better than current experiments. Furthermore,
based on the present experiment a rich configuration, in-
cluding spatially dependent two-photon detuning can be
easily created by spatial dependent light strengths. Such
configuration may create a spin texture in both momen-
tum and position space. Finally, without the limit of
fine structure splitting for excited levels, a longer lifetime
can be obtained for SOC with ytterbium atoms when
a large one-photon detuning is considered for the opti-
cal transitions [49]. Being of many novel features in the
ground manifold of hyperfine states, including the SU(N)
symmetry, the ytterbium fermions with all-optical SOC
would open new possibilities to explore interesting new
quantum physics.
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